Abstract. This study explores the relationship between human activity and the distribution of wildlife populations in north-eastern Congo. It is hypothesized that the presence of agricultural communities, proximity to urban markets and conservation practices aOE ect three characteristics of wildlife distribution: the presence (range), abundance and community structure of large mammal populations. The area studied was extensive and required the use of wildlife sampling and remote sensing techniques to generate data on wildlife distribution and the explanatory factors. The results show that wildlife protection is associated with high animal abundance. However, the presence of agricultural populations is not associated with low animal abundance.
Introduction
There are two dominant paradigms in African wildlife conservation. One restricts the use of wildlife. This approach is centrally controlled and usually involves the application of wildlife regulations through law enforcement in protected areas. The other approach is driven by economic considerations associated with human subsistence and commercial demands. Much debate has questioned the utility of protected areas, and an array of ecological, ethical and economic criteria have been used to justify these arguments (International Institute for Environment and Development (IIED) 1993, Western et al. 1994 , Pimbert and Pretty 1995 , Gartland 1997 ). An important and unresolved issue is the level of impact that human activity has on wildlife populations. This research contributes to this debate by examining the in uence that diOE ering types of human activity have on wildlife distribution, abundance and community structure.
At Garamba National Park, wildlife managers consider human populations to be a major threat to conservation. The rationale for this assertion is that there are signi cantly higher mammal densities in the National Park, where human activity is restricted, than in the surrounding reserves where there are resident human communities. This is supported by aerial wildlife census data ( Table 1 . T -tests to show the diOE erences between selected large mammal densities in the Park and in the hunting reserves (from Hillman-Smith et al. 1995 aAerial count data in the reserves are subject to an undercount bias because of the high canopy cover. Thus, only data for large mammals with a high detection rate are displayed in this table. consequence, an active law enforcement programme has been in operation in the National Park for several decades.
However, correlation does not necessarily imply causation, and it is not clear how much of the diOE erence in animal abundance can be attributed to the impact of resident communities. First, numerous studies have shown that rural African communities are complex, as are their interactions with their natural resources (Burnham 1993 ) . For instance, natural resource use studies have shown that non-resident or migrant populations can have a greater negative impact on the sustainability of natural resources than local communities (Abbot 1996) . Second, the mammal community within an ecosystem consists of a large number of species with diOE ering physiological and life history traits. Consequently, they respond diOE erently to human and environmental factors. For example, mammal species are not equally susceptible to hunting pressure. In general, only populations of species with low intrinsic rates of growth will diminish when hunted, because they require more time to recover (Freese et al. 1982) . This is compounded by the hunters' preference for larger species because they provide higher returns for the cost of hunting (Leader-Williams et al. 1990 ) . Third, habitat factors may provide a better explanation for low animal abundance than human presence. For example, Hillman-Smith et al. (1995 ) have shown at Garamba that there is a statistically signi cant negative relationship between elephant abundance and tree cover when aerial count data are analysed for the whole ecosystem. However, habitat diOE erences can partly be explained by high elephant densities in areas that are protected because elephants are known to be important agents of habitat change (Dublin 1995) . Thus, the factors that contribute to high animal abundance are complex, but need to be understood so that management strategies for the ecosystem can be improved.
At a broad scale, habitats are relatively homogenous in the hunting reserves, whereas human populations are unevenly distributed, as are the centres of commercial activity where bushmeat is traded. The approach used in this research was therefore to compare the presence, abundance and community structure of wild mammals against measures that represent the level of law enforcement, human presence and commercial activity at 42 diOE erent locations within the hunting reserves. The analyses thus explore and test the eOE ect of human-relate d variables on the distribution of the whole mammal assemblage under relatively homogenous habitat conditions.
A major challenge was to develop su ciently rigorous demographi c data in the absence of precise and timely population census data. Whilst extensive wildlife survey data have been collected by the National Park's research and monitoring programme, socio-economic research in the region has been hampered by logistical di culties and political con ict in the southern Sudan and Congo (formerly ZaÌre). The remote sensing techniques described below provide a viable alternative to traditional demographic surveys that are required to improve our understanding of human-wildlife interactions.
Study area: the Garamba ecosystem
Garamba National Park is a UNESCO World Heritage Site of area 4900 km2 and is surrounded by three hunting reserves. This protected area complex is situated in the north east of the Democratic Republic of Congo, and borders Sudan on the Congo-Nile watershed. Its conservation importance is attributed largely to the last known wild population of the northern white rhinos (Ceratotherium simum cottoni ). It also contains a unique assemblage of large mammals, including one of the highest densities of elephants (L oxodonta af ricana) in Congo and an endemic subspecies of giraOE es (GiraVa camelopardalis congoensis). The protected area falls within the Sudano-Guinean savanna zone. Within the National Park the vegetation has been secondarily modi ed by a combination of re and high densities of large mammals, notably elephants, to create a long grass savanna. This contrasts with a mosaic of deciduously wooded and bushed savanna, grassland and forest in the surrounding reserves. The legal status of the National Park is of integral protection, maintained by the national wildlife agency, the Institut Congolais pour la Conservation de la Nature (ICCN), and has been supported by an international aid project since 1984.
The hunting reserves were established in 1938 (at the same time as the National Park) to promote the sustainable use of wildlife resources by resident communities. These communities are highly heterogeneous and include Azande Logo and Mondo subsistence agriculturalists together with approximatel y 90 000 Sudanese refugees. A gold mining community has also settled in the area.
Methods
The following section describes the animal distribution data and the variables used to explain the distribution.
Animal distribution
Patterns of wildlife abundance in the hunting reserves were examined by analysing the unpublished raw transect data collected by Nicholas and Ndey (1995 ) between February and May 1994 (Hillman-Smith et al. 1995 ) . Counting animals in the hunting reserves presents a number of di culties. The geographical extent of the Garamba ecosystem precludes a total wildlife count. Furthermore, counting animal numbers is unreliable in a densely vegetated environment. Thus, sampling techniques were used to reduce the survey eOE ort and counts were made of spoor, which is more easily detected. These are standard techniques and have been used previously by White (1992 ) and Prins and Reitsma (1989) .
Line transect methods were used to estimate mammal presence based on the methods used by Burnham et al. (1980 ) . Using a strati ed random sampling scheme, 42 transects, each of ve kilometres in length, were covered. Data were collected by three observers walking abreast along the transect line. Each observer recorded observations within a 2 m strip width either side of his centre line, to produce an overall sampling width of 12 m. Distances along the transect line were also measured.
Two types of observations were used: wildlife tracks and faecal material. This approach produced abundance data across the transects for 31 mammal species.
Explanatory variables 3.2.1. T he presence of agricultural communities
A human population census across the reserves is a prohibitively time consuming exercise and census data are unavailable for this region. However, the population density of agriculturalists can be related to the proportion of land that is covered by agricultural elds. The processing of satellite data provides a means of obtaining an estimate of eld cover in the areas around the transects.
Normalized DiOE erence Vegetation Index (NDVI) data were generated from three geo-corrected scenes of Landsat Thematic Mapper (TM) data as a means of detecting agricultural land as an indicator of human presence (Mather 1987) . Analysis of NDVI images allows the detection of agricultural land cover when assessed for areas that were well known to the author (see §4 for an assessment).
All three scenes were acquired in December, which coincides with the postharvest period when there is likely to be a higher proportion of exposed soil on agricultural land (de Schlippé 1953) . Thus, low index values were produced for agricultural land relative to the surrounding vegetation. A Geographic Information System (GIS) was used to select areas within ve kilometres of the transects. The average NDVI value within these areas was used as an index of eld cover. Figure 1 shows one of the NDVI scenes representing a land surface of 200 kmÖ 180 km containing most of the Garamba ecosystem. The histogram below this scene shows that the data are bimodal. The darker areas on the image, corresponding to low NDVI values, appear to represent three types of land features: open water (major rivers); burned savanna vegetation cover; and areas clustered around settlements. Low NDVI values around settlements are hypothesized to correspond to exposed agricultural soil following the early dry season harvest.
T he eVects of urban markets
Distances between each of the transects and the main markets in and around the reserves ( gure 2 (b)) were used as an indicator of the in uence of markets on the local wildlife population. Markets are de ned as large commercial centres estimated to have resident populations of more than 4000.
T he eVects of conservation practices
Wildlife protection in the Garamba ecosystem is concentrated within areas adjacent to the National Park. Therefore, the analysis tests whether distance from the National Park, where intensive law enforcement has taken place for over twelve years, aOE ects variability in wildlife distribution in the reserves ( gure 2 (c)).
Habitats
Tree cover estimates in 1993 were used to distinguish between the main habitat categories (grassland savanna, bush savanna and forest). Percentage tree cover was estimated during the aerial count for 5 kmÖ 5 km subunits surrounding the ight lines ( gure 2 (d)) (Norton-Gri ths 1978, Hillman-Smith et al. 1995 ) .
Appraisal of the methods used
The validity of the data used in these analyses can be evaluated according to the following three criteria. 
Dependent variables
Inferring animal density measures from faecal counts can produce spurious results. The problems involved in calculating population densities from faecal material and spoor have been extensively documented (e.g. Barnes et al. 1995, Plumptre and Harris 1995) . Underestimation is caused by the low detection rates due to the dense understorey vegetation cover. Barnes et al. also stress the extent to which detection is aOE ected by species-speci c parameters such as faecal size and decomposition rates, together with site-speci c variables such as rainfall and canopy cover. Furthermore, obtaining an acceptable density estimate for a particular species requires a minimum of 40 faecal observations on a transect (Morrison et al. 1992 ) . This is relatively rare for any of the species in the dataset. These di culties explain why there appear to be only two examples in the literature where precise population densities for a large assemblage of African tropical moist forest mammals have been calculated using indirect observations (Prins and Reitsma 1989, White 1992 ).
Explanatory variables 4.2.1. T he presence of agricultural communities
A number of questions are raised in an assessment of the presence of agricultural communities. First, does variation in agricultural land cover correlate with agricul-tural population density? In this research the variance of total eld size per household was found to be small for a sample of 121 households surveyed. The mean landholding per household was determined to be 0.83 haÔ 0.12 ha (95% con dence intervals, n 5 121). Therefore, the percentage eld cover is likely to be closely correlated to agricultural population density.
A second question relates to the validity of using NDVI as a measure of eld cover. To test this, eighteen sample sites of 5 kmÖ 5 km were selected. Nine of these corresponded to areas known to contain relatively high human population densities. The other nine were of unsettled areas. All of these sites had been visited by the author at least once between 1993 and 1996. Mean pixel values were calculated for these sites. The results are shown in table 2. Settled areas have signi cantly lower NDVI values, which validates the use of NDVI as a measure of eld cover.
Distance as an indicator of market and conservation in uences
Local species abundance is compared with the intensity of conservation and market activity using distance from the Park and from markets as indices of the intensity of those factors. Clearly these parameters do not constitute a perfect quantitative representation of these factors, however, they do provide the best available measure of the eOE ect of these factors at the transect location.
T ree cover
Tree cover values were based on an observer's estimate of the percentage tree canopy cover for an area corresponding to approximatel y 5 kmÖ 5 km. Observations were made from a light aircraft at an altitude of approximatel y 300 feet. The problems associated with aerial measurements are well documented (Inamdar 1996) , however, the data obtained here were su ciently precise to allow a distinction to be made between the primary habitat categories, namely forest, grassland savanna and woodland savanna. Table 3 cross tabulates correlations between all of the explanatory variables. The only variables found to be signi cantly correlated are tree cover and estimated number of elds. None of the human-relate d explanatory variables are correlated and thus their eOE ects are unlikely to be confounded. 
Confounding explanatory variables

Analysis and results
The relationship between species presence and the explanatory variables was examined using measures of association. Mammal community structure was analysed in relation to the explanatory variables using richness indices and according to the physiological, behavioural , habitat and life history traits of the species assemblage.
Species presence
Jaccard's Index (JI ) of association is used to examine the relationship between the presence of two species, or one species and one binary explanatory variable (Ludwig and Reynolds 1988) :
where a is the number of transects where both species A and B occur; b is the number of transects where species A occurs but not species B; c is the number where species B occurs but not species A. The technique requires a more or less equal number of transects for each of the two outcomes, that is, where the animal is present or absent. As a result, only a sub-sample of species surveyed could be used in this analysis. The rarer species, such as chimpanzees and bongos, which are absent in most transects, and the very common species, such as duikers, which are present in most transects, were removed from the analysis. The explanatory variables were converted to binary format by classifying variables into high or low values. Table 4 shows the classi cation used. Analytical requirements determined the partitioning of data (each category, high or low, had to be represented by a more or less equal number of transects). In this technique species are plotted on two axes using polar ordination (Kent and Coker 1992) , and the resulting biplot displays the species and explanatory variables in terms of association distance. The signi cance of the relationships described on the biplot is assessed using Pearson's chi-squared independence tests. Figure 3 shows the polar ordination biplot using Jaccard's Index of association. The biplot shows that buOE alo, kob and elephants are typically close to the Park, whereas baboons, porcupines and warthogs occupy areas further from the Park.
The results of the chi-squared analysis are shown in table 5. There is a danger of obtaining spuriously signi cant results when tests are repeated several times (in this case four times for each species). However, the statistical signi cance of the association between the Park and elephants and kob is unlikely to be the result of a type one error because the signi cance is extremely high ( p< 0.001 ).
Species richness
Richness indices provide a single measure to represent the importance of the transects in terms of the number of species present (Ludwig and Reynolds 1988 ) . Emmons' study (1984 ) of the geographical variation of mammal densities in Amazonia showed that, 'the observed pattern of variation in numbers of individuals is mirrored by species richness diOE erences'. Thus, species richness provides a simple but eOE ective measure to analyse the eOE ect of the explanatory variables on species distribution.
The results of the regression models are shown in table 6. The eOE ect of the distance from the Park signi cantly explains variation in species richness. This con rms the importance of the Park as a major determinant of wildlife distribution.
Species abundance and community structure
Species presence alone does not provide the detail required to understand animal distribution. Typically, a species will respond to an explanatory variable that in uences its distribution in the following way (ter Braak and Looman 1995). Species densities will peak at an optimal level of a particular explanatory variable. Above and below, on the scale of the explanatory variable, the species performance is inferior and therefore densities are lower. At a certain point either side of the optimum, a threshold is reached beyond which the species cannot survive. This pattern produces a Gaussian curve referred to as a unimodal response curve. Analysis of animal distribution and abundance must take account of the extent to which human-relate d environmental factors provoke this unimodal response curve in the distribution of large mammal species. Faecal counts are used as a relative index of animal abundance as part of an exploratory analysis to examine patterns of spatial variation in the abundance of mammal populations.
Testing the eOE ects of various explanatory variables on the abundance of a large species assemblage is complex because of the number of dependent variables (species) that make up the dataset. Ordination provides a useful means of exploring the patterns of variance in the distribution of the 31 species (Kent and Coker 1992, ter Braak 1995) . A bene t of ordination is that the data retain a high level of detail because all the species, as well as the frequency of observations at each of the transects, are analysed. Furthermore, species can be grouped and analysed according to physiological, behavioural , habitat and life history characteristics.
Principal Components Analysis (PCA) is an ordination procedure used when the underlying species abundance patterns are linear. PCA arranges the species along a series of axes according to variation in the abundance of those species between the transects. Furthermore, it will arrange the transects along axes according to how they vary in their species composition. Thus, PCA provides an eOE ective method for analysing mammal community structure. The rst axis, or component, uses a leastsquares algorithm to minimize the residual sum of squares of the distribution of all species. 'Eigenvalues' represent the relative contribution of the axis to the overall distribution of species. The advantage of using PCA is that the rst few components are expected to re ect non-random variation in the overall distribution of the species assemblage. As such, they represent a 'latent structure' in the data. Thus, explanatory variables that are strongly correlated with these 'principal components' of variation in the data have a strong in uence on species distribution.
The rst two components of the PCA yielded eigenvalues of 0.657 and 0.145 respectively. This means that the rst two components explain more than 80% of the variance in the species abundance. The relationship between the transect values on the rst two axes and the explanatory variables is shown in table 7.
Transect values for the rst component are signi cantly correlated with distance from Park. This suggests that most of the variance (65.7%) in species abundance across the transects is largely explained by the distance from the National Park (table 7) . None of the other explanatory variables correlate with the rst principal component. There are no statistically signi cant relationships between the second principal component and any of the explanatory variables, although distance from the main markets approaches signi cance (table 7) .
These results assess the eOE ects of the explanatory variables on the whole species assemblage. All species do not, however, conform to the same patterns of distribution. In order to examine the eOE ects of a species' biological and behavioural attributes, a number of characteristics, including body size, home range size, type of social organization, diet, preferred habitat and activity time, were obtained for each species from a review of the literature (see table 8 ). Species were also characterized according to the way that they are exploited locally. The dominant hunting techniques in the reserves include the use of rearms (automatic weapons and locally constructed shotguns, known as fabrications) and traditional techniques using nets (including the use of dogs and spears) and various traps and snares. The hunting techniques associated with each species (see table 8) were derived from tracking 59 hunts. Both successful and unsuccessful stalks were used to associate a hunting technique with a particular species. In addition, semi-structured interviews with hunters were used to identify the principal hunting technique for that species. If this failed to produce an association, the species was considered unexploited. Figure 4 shows how species are distributed on the rst two component axes when they are grouped according to various characteristics. The rst principal component was highly correlated with distance from the Park (table 7) . Species groups with values that deviate signi cantly from zero indicate groups that contribute substantially to the variation contained in the principal component. 95% con dence intervals for the mean values for species scores are also shown to distinguish those groups that have signi cantly diOE erent scores to the rest of the species. Thus, the species that are more strongly in uenced by the rst component include species that are hunted using rearms, have large home ranges, use savanna habitats, are large bodied, diurnal, cover dependent and are browsers or folivores. Species that are strongly in uenced by the second component include traditionally hunted species, species that have small home ranges, are non-cover dependent and are browsers or folivores. Table 7 . Matrix for Spearman's rank correlation coe cients between the transect scores on the rst two principal components and explanatory variables. 
Discussion
A high level of consistency was noted between the analyses of presence and abundance. Of the three variables representing human activity, distance from the National Park appears to have the strongest in uence on the distribution of wildlife. The chi-squared analysis showed that the presence of both elephants and kob was signi cantly associated with proximity to the National Park. Mammal species richness is also highly correlated with distance from the Park. Finally, the rst principal component, which accounted for 65.7% of the variation of the abundance of all species across the transects, was highly correlated with distance from the Park.
The relationship between distance from markets and mammal distribution was non-signi cant. However the correlation between the second principal component, which accounts for 14.5% for the variation in the density of faecal counts, and the distance from markets approached statistical signi cance ( p 5 0.075). This suggests that markets may in uence the distribution of hunting intensity. Furthermore, both the distribution of species on the second principal component axis ( gure 4) and the polar ordination ( gure 3) suggest that some of the smaller species, such as baboons, warthogs and porcupines, are negatively associated with proximity to markets. This has ecological repercussions for wildlife populations. A number of authors have shown that the monetary value of bushmeat varies spatially as a function of transport costs (Godoy et al. 1993) . The urban pro t margin makes it more bene cial to exploit non-timber forest products at closer proximity to markets (Abbot 1996) . This suggests that wildlife population densities vary as a function of distance from urban markets and from principal transport networks leading to those markets. Analysis of Landsat TM data showed that the presence of agricultural communities is not associated with a statistically signi cant decrease in the presence and abundance of mammals. Indeed, the presence of agricultural communities is associ-ated with a non-signi cant increase in mammal species richness. Wilkie and Finn (1990) studied the relationship between human presence and the diversity and abundance of terrestrial mammals of the Ituri Forest in the Democratic Republic of Congo. They found that forest clearing associated with agricultural activity did not signi cantly aOE ect 16 of the 19 mammal species examined. The other three speciesokapi, yellow backed duikers and leopards-are less abundant in secondary forest. The larger ungulates appeared to be less abundant near villages, but Wilkie and Finn suggest that this could equally be due to increased hunting pressure near the markets. They conclude that secondary forest is probably able to support populations at similar or greater densities to climax forest, and refer to the ndings of Eisenberg and Seidensticker (1976) to support their claims. Johns and Skorupa's (1987) review of the eOE ects of habitat modi cation on primates shows that moderate habitat disturbance from agriculture is unlikely to provoke a decline in primate populations.
Distance from the National Park consistently explained animal distribution and abundance. However, it is di cult to disassociate the eOE ects of habitat from those of wildlife protection because the two are spatially correlated. One plausible explanation is that high species richness around the National Park can be attributed to the unique habitat of the area, whilst the high abundance of large mammals can be attributed to the protection regime in the National Park. Indeed, the 31 large mammal species recorded in the reserves is an unusually high number for an African ecosystem, if compared to both forested habitats (Prins and Reitsma 1989 , Wilkie and Finn 1990 , White 1994 ) and savanna habitats (Leuthold and Leuthold 1976 ). An explanation for this may lie in the habitat structure of the ecosystem. The area closest to the National Park represents a forest savanna boundary, where both savanna and forest mammals coexist. This may explain the signi cantly higher species richness associated with proximity to the National Park: past inventories have recorded a total of 46 mammals in the reserves compared to 35 in the Park ( Verschuren 1958 , Hillman-Smith 1989 .
The abundance of large savanna mammals at close proximity to the National Park is perhaps best explained by the protection regime within the Park. This corroborate s an assessment (based on aerial counts) of animal distributions as a whole, which shows the greatest abundanc e of large mammals to be concentrated in the National Park (Hillman-Smith et al. 1995) . A number of studies have shown that investment in antipoaching measures contributes to the higher abundanc e of large targeted mammals Albon 1988, Jachman and Billiouw 1997) . The comparison between animal densities inside the Park, where investment in conservation is high, and in the reserves, where investment is low (table 1), supports this. Even giraOE es, whose more suitable habitat is in the reserves, are more abundant in the Park. Similar patterns were revealed in this work when mammal community structures were examined in relation to the explanator y factors. PCA showed that mammals whose abundance varied the most with distance from the Park were typically large savanna species. This was also shown by the polar ordination ( gure 3). Such species are also targeted by hunters, and their abundanc e is likely to be greatest in the National Park where oOEtake through poaching is restricted.
Whilst the exact causes of variation in mammal distribution and abundanc e are di cult to establish from these data, what has become clear from this research is that the low-density presence of subsistence agricultural populations does not have a signicant impact on wildlife distributio n within the reserves. This is an important nding if human communities are to be perceived as an integral part of a sustainable ecosystem.
Conclusion
Understanding the relationship between human and animal populations is fundamental to the development of eOE ective conservation management strategies. The results of this study show that human presence, as indicated by agricultural eld cover, does not appear to aOE ect mammal distribution and abundance. The results contribute to an increasing body of evidence of substantial ecological data that suggest that, contrary to perceived wisdom, human presence alone does not provoke wildlife depletion.
Proximity to the National Park was taken as an indicator of the eOE ects of conservation activities on wildlife distribution and abundance. This variable is highly correlated with animal presence and abundance, emphasizing the importance of the National Park for protecting large mammals. The exploratory analysis of mammal community structure suggests that the National Park boundary represents a niche overlap for forest and savanna type species. This would explain the greater species richness near the Park. The signi cantly greater large mammal abundance close to the Park would appear to result from the Park's quality as a 'sanctuary' for these species. Thus, wildlife protection appears to be critical to the conservation of wildlife at Garamba. However, there is no evidence to suggest that the presence of human populations is associated with a reduction in the abundance of large mammals.
